INTRODUCTION
The mid to late 1990's saw some dramatic advances in late transition metal-based technology for ethylene oligo-/polymerization with reports of highly active iron and cobalt catalysts emerging towards the end of this period. [1] [2] [3] In particular, the bis(imino)pyridinecontaining Fe(II) and Co(II) catalysts, first disclosed independently by Brookhart and Gibson, have attracted considerable interest over the years in both the academic and Fe1, 2,6-(CHPh2)2-4-EtC6H2 Fe2, 2,6-(CHPh2)2-4-ClC6H2 Fe3, 2,6-(CHPh2)2-4-FC6H2 Fe4), each containing one sterically enhanced but electronically modifiable N-2,6-dibenzhydryl-4-R 2 -phenyl group, have been prepared by a one-pot template approach using α,α'-dioxo-2,3:5,6-bis(pentamethylene)pyridine, the corresponding aniline along with the respective cobalt or iron salt in acetic acid. Distorted square pyramidal geometries are the feature of the molecular structures of Co1 -Co4. Upon activation with MAO or MMAO, Co1 -Co4 show good activities (up to 2.2 x 10 5 g mol -1
(Co) h -1 ) affording short chain oligomers (C4 -C30) with good α-olefin selectivity. By contrast, Fe1 -Fe4, in the presence of MMAO, displayed moderate activities (up 10.9 × 10 4 g(PE) mol -1
(Fe) h -1 ) for ethylene polymerization forming low molecular weight linear polymers (up to 13.0 Kg mol -1 ) incorporating saturated n-propyl and i-butyl chain ends. For both cobalt and iron, the pre-catalysts incorporating the more electron withdrawing 4-R industrial communities due to their remarkable activities for ethylene polymerization 1b,2 and their exceptional selectivities for ethylene oligomerization forming linear α-olefins. 3 As a consequence, a large number of investigations have been focused on ligand modification deriving from the parent bis(arylimino)pyridine framework (A, Chart 1). In the main these changes have been concerned with steric and electronic variations to the N-aryl groups 4 and to the substituents on the imine-carbon atoms. 2, 5 Elsewhere, more dramatic structural changes have seen the development of 2,9-bis(imino)-1, 10-phenanthrolines, 6 2-benzimidazol-6-imino-pyridines, 7 N-((pyridin-2-yl)methylene)-8-amino quinolines 8 and 2,8-bis(imino)quinolines. 9 More recently, highly active iron and cobalt pre-catalysts bearing cycloalkyl-fused pyridine ligand sets such as, 1, 8-diimino-2,3,4,5,6,7-hexahydroacridines, 10 2-(1-arylimino)ethyl -8-arylimino-5,6,7-trihydroquinolines, 11 2-(1-aryl iminoethyl) -9-arylimino-5,6,7,8-tetrahydrocyclo heptapyridines, 12 α,α'-bis(arylimino)-2,3:5,6-bis (pentamethylene)pyridines 13 (B, Chart 1) and 2-(arylimino)benzylidene -9-arylimino-5,6,7,8-tetrahydrocyclohepta[b] pyridylines 14 have been reported. On the other hand, lower activities were exhibited by the smaller ring cobalt complexes of 2-[1-(arylimino)ethyl]-7-arylimino-6,6-dimethylcyclopentapyridines. Chart 1 Ligand frameworks derived from bis(imino)pyridine, A As an alternative to these tridentate nitrogen donor ligand sets, the N,N,O family represents another class of ligand that has seen some key developments within the polymerization arena. For example, 2-acetyl-6-arylimino-pyridines 16, 17 (C, Chart 1), 2-(ethylcarboxylato)-6-iminopyridines, 18a 2-imino-6-methanolpyridines 18b and 2-(benzimidazolyl)-6-(arylimino)pyridines 7a,c have all been reported as ligand supports for active iron (and some cobalt) catalysts. Indeed, high activities in ethylene polymerization have been reported for iron complexes bearing the 2,6-diisopropylphenyl derivative of C (Chart 1). 16a Furthermore, the chemistry of this ligand class with other divalent metal centers such as chromium, manganese and nickel has also been disclosed.
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In this work, we target a series of divalent iron and cobalt chloride complexes bearing the neutral N,N,O ligand, α-imino-α'-oxo-2,3:5,6-bis(pentamethylene)pyridine (D, Chart 1), in which the central pyridine is fused by two seven-membered rings with one α-position possessing an oxo group and the other a sterically bulky N-2,6-dibenzhydryl-4-R 2 -phenyl group (R 2 = Me, Et, Cl, F). An in-depth investigation is initiated to explore the performance of these Fe(II) and Co(II) complexes as pre-catalysts in ethylene oligo-/polymerization with a view to ascertaining the most compatible co-catalyst, the role the metal center plays and the effect the electronic changes to the 4-R 2 substituent have on the ethylene chain growth. Full details of the synthesis and characterization for all complexes are also reported.
EXPERIMENTAL
General Considerations. All manipulations involving airand moisture-sensitive compounds were carried out under nitrogen atmosphere using standard Schlenk techniques. Toluene was refluxed over sodium and distilled under nitrogen prior to use. Methylaluminoxane (MAO, 1.46 M solution in toluene) and modified methylaluminoxane (MMAO, 1.93 M in n-heptane) were purchased from Akzo Nobel Corp. High-purity ethylene was purchased from Beijing Yansan Petrochemical Co. and used as received. Other reagents were purchased from Aldrich, Acros, or local suppliers. NMR spectra were recorded on a Bruker DMX 400 MHz instrument at ambient temperature using TMS as an internal standard; δ values were given in ppm and J values in Hz. FT-IR spectra were recorded on a Perkin-Elmer System 2000 FT-IR spectrometer. Elemental analysis was carried out using a Flash EA 1112 micro-analyzer. Molecular weights (Mw) and molecular weight distributions (MWD) of the polyethylenes were determined by Gel Permeation Chromatography using a PL-GPC220 instrument at 150 o C with 1,2,4-trichlorobenzene as the solvent. Some mention of GC instrument and specification needed. The thermograms for the crystallization and melt process were recorded using a differential scanning calorimeter (DSC, TA-Q2000) under a nitrogen atmosphere. Typically, a sample of about 5.0 mg was heated to 140 o C at a rate of 20 o C/min and kept for 2 min at 140 o C to remove the thermal history and then cooled at a rate of 20 o C/min to -40 o C. The
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C NMR spectra of the polyethylenes were recorded on a Bruker DMX 300 MHz instrument at 135 o C in deuterated 1,1,2,2-tetrachloroethane-d2 with TMS as an internal standard. The compounds, α,α'-dioxo-2,3:5,6-bis(pentamethylene)pyridine, 13b 2,6-dibenzhydryl-4-methylbenzaniline, 2,6-dibenzhydryl-4-ethylaniline, 2,6-dibenzhydryl-4-chloroaniline and 2,6-dibenzhydryl-4-fluoroaniline were prepared using literature procedures. Ar = 2,6-(CHPh2)2-4-MeC6H2) (Co1). A suspension of α,α'-dioxo-2,3:5,6-bis(pentamethylene)pyridine (0.243 g, 1.0 mmol), 2,6-dibenzhydryl-4-methylbenzaniline (1.776 g, 4.0 mmol) and CoCl2 (0.13 g, 1.0 mmol) in glacial acetic acid (15 ml) was stirred and heated to reflux for 8 h. Diethyl ether was added to precipitate the solid, which was then filtered before being re-dissolved in methanol. The resulting methanol solution was concentrated to a minimum volume and diethyl ether added to precipitate the product. Co1 was collected by filtration and dried under reduced pressure as a light green powder (0.497 g, 69%). FT-IR (KBr, cm , 5.58; N, 3.52. Found: C, 72.80; H, 5.45; N, 3.11 . Ar = 2,6-(CHPh2)2-4-EtC6H2 (Co2). Using a similar procedure and molar ratios to that described for Co1 but with 2,6-dibenzhydryl-4-ethylaniline as the amine, Co2 was obtained as a light green powder (0.62 g, 85%). FT-IR (KBr, cm , 5.73; N, 3.46. Found: C, 72.8; H, 5.45; N, 3.11 . Ar = 2,6-(CHPh2)2-4-ClC6H2 (Co3). Using a similar procedure and molar ratios to that described for Co1 but with 2,6-dibenzhydryl-4-chloroaniline as the amine, Co3 was obtained as a light green powder (0.38 g, 52%). FT-IR (KBr, cm Ar = 2,6-(CHPh2)2-4-FC6H2 (Co4). Using a similar procedure and molar ratios to that described for Co1 but with 2,6-dibenzhydryl-4-fluoroaniline as the amine, Co4 was obtained as a light green powder (0.14 g, 13%). FT-IR (KBr, cm (w), 700 (s). Anal. calc. for C47H41Cl2CoFN2O (798.68): C, 70.68; H, 5.17; N, 3.51. Found C, 71.04; H, 5.19; N, 3.42 .
Preparation of [2,3-{C4H8C(NAr)}:5,6-{C4H8C(O)}C5HN]FeCl2
Ar = 2,6-(CHPh2)2-4-MeC6H2 (Fe1). A suspension of α,α'-dioxo-2,3:5,6-bis(pentamethylene) pyridine (0.243 g, 1.0 mmol), 2,6-dibenzhydryl-4-methylaniline (1.776 g, 4.0 mmol) and FeCl2•4H2O (0.199 g, 1.0 mmol) in glacial acetic acid (15 ml) was stirred and heated to reflux for 8 h. Diethyl ether was added to precipitate the solid, which was then filtered before being redissolved in methanol. The resulting methanol solution was concentrated to a minimum volume and diethyl ether added to precipitate the product. Fe1 was collected by filtration and dried under reduced pressure as a blue powder (0.463 g, 65%). FT-IR (KBr, cm 
X-ray crystallographic study
The single-crystal X-ray diffraction studies of Co1, Co2, Co3 and Co4 were carried out on a Rigaku sealed Tube CCD (Saturn 724+) diffractometer with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at 173(2) K with the exception of Co2 at 293(2) K; cell parameters were obtained by global refinement of the positions of all collected reflections. Intensities were corrected for Lorentz and polarization effects and empirical absorption. The structures were solved by direct methods and refined by full-matrix least squares on F 2 . All non-hydrogen atoms were placed in calculated positions. Structural solution and refinement were performed by using the SHELXTL-97 package. 21 The free solvents present within the single crystal were removed by using the SQUEEZE option of the crystallographic program PLATON. 22 Details of the X-ray refinements are provided in Table 1 
Co1 Co2 Co3 Co4
Fe1 Fe2 Fe3 Fe4 and [2,3-{C4H8C(NAr)):5,6-(C4H8C(O)}C5HN]FeCl2 (Ar = 2,6-(CHPh2)2-4-MeC6H2 Fe1, 2,6-(CHPh2)2-4-EtC6H2 Fe2, 2,6-(CHPh2)2-4-ClC6H2 Fe3, 2,6-(CHPh2)2-4-FC6H2 Fe4) in moderate to good yields (13 -96%) (Scheme 1). 10, 13, 14 The yields for Co4 and Fe4 fall at the lower end of the yield range and this can be attributed to their increased solubility in methanol, the solvent used for recrystallization. All the cobalt complexes are air and moisture stable, while in solution the iron complexes proved susceptible to oxidation on exposure to the air over a few minutes; in the solid state, however, the iron complexes are air stable. Complexes Co1 -Co4 and Fe1 -Fe4 have been characterized by infra-red spectroscopy and microanalyses, while all four cobalt complexes have been the subject of single crystal X-ray diffraction studies.
Single crystals of Co1, Co2, Co3 and Co4 suitable for the X-ray determinations were grown by slow diffusion of diethyl ether into a dichloromethane solution of the corresponding complex at room temperature. Perspective views of Co1, Co2, Co3 and Co4 are shown in Figures 1 -4 ; selected bond distances and angles are compiled in Table 2 . The four structures are similar and will be discussed together. Each structure consists of a cobalt center surrounded by two nitrogen and one (14) 1.339(4) 1.333(4) 1.352 (7) 1.329(7) N(1)-C (15) 1.347(4) 1.346(4) 1.336 (7) 1.333(7) N(2)-C (13) 1.293(4) 1.295(4) 1.296(6) 1.291 (7) oxygen donor atom belonging to the N,N,Oligand as well as two chloride ligands to complete a five coordinate geometry. The main difference between the structures arises in the substituent located at para-position of the Naryl group [Me (Co1), Et (Co2), Cl (Co3), F (Co4)]. Closer inspection of the geometry reveals that it can be best described as distorted square-pyramidal, 2, 13, 17, 19 in which two nitrogen, one oxygen and one chloride atom form the basal plane with the second chloride occupying the apical position. This type of geometry can be further justified by determination of the tau value ( ) in which a value of zero defines a perfect square pyramid and unity a perfect trigonal bipyramid; the results are given in Table 3 . 23 For all four structures, the value lies between 0.39 and 0.41 indicative of a distorted square planar geometry. There are some differences in the bond lengths involving the N,N,O ligand with the distances generally following the order: Co-O [2.255 (5) No discernable effect on the Co-Nimine distances between structures can be detected on varying the para-substituent on the N-aryl group. As with related cobalt(II) complexes containing a pyridine-based tridentate ligands, the central Co-Npyridine distance is the shortest highlighting its more effective interaction. 10,13b The variation in the exterior Co-Nimino and Co-O bond lengths can be attributed to the borderline cobalt(II) ion having preference for bonding with the softer imine donor; similar asymmetry has been seen in related N,N,O-M(II) complexes. 16, 17, 19 The N,N,O-coordination plane is almost perpendicular to the N-aryl ring with the dihedral angles of 88.64° (Co1), 87.84° (Co2), 88.51° (Co3) and 83.84° (Co4). 
where β is the largest angle and α the second largest. 23 In the FT-IR spectra, all the complexes exhibit a carbonyl band around 1650 cm -1 while the imine band can be seen at lower wavenumber around 1595 cm -1 . These distinct stretching frequencies for the bound C=O and C=N groups resemble those observed for the corresponding ones in [2-acetyl-6-{1-((2,6-diisopropylphenyl)imino)ethylpyridine]-cobalt(II) and -iron(II) chlorides. 17,18b The microanalytical data for the complexes is consistent with the elemental composition proposed.
Catalytic evaluation of the metal complexes
Using Co1 -Co4. With the aim to explore the capacity of Co1 -Co4 to promote the oligomerization and/or polymerization of ethylene, we set about establishing the most suitable co-catalyst to deliver the best catalytic activity for the particular process. In the first instance Co3 was employed as the test precatalyst with various aluminum-based co- To optimize the conditions of the Co3-mediated ethylene oligomerization, MAO and MMAO were selected as the co-catalysts for a more detailed study of the reaction conditions, linked to the molar ratio of co-catalyst/precatalyst and reaction temperature with the pressure of ethylene maintained at 10 atmospheres; the results are collected in Tables  5 and 6. On activation with MAO, Co3 displayed a peak in catalytic activity (1.14 × 10 5 g mol -1 h -1 ) at an Al/Co molar ratio of 1000 (entry 1, Table  5 ), while increasing the ratio in increments of 500 up to 2500 shows a steady drop in the activity. By contrast, when MMAO was employed as co-catalyst and the Al/Co molar ratio changed from 1000 to 2500, the catalytic activity of Co3 reached a maximum (2.22 × 10 5 g
) at an Al/Co molar ratio of 1500 (entry 2, Table 6 ). Indeed, this activity (entry 2, Table  6 ) is almost double that observed using MAO as co-catalyst. Using the more efficient Co3/MMAO catalyst, with the Al/Co molar ratio fixed at 1500, the reaction temperature was raised from 30 to 70 o C with the result that the activity rapidly dropped from its maximum at 30 o C (entries 2, 9-11, Table 6 ); this observation is likely due to decomposition of the active species at higher temperature and possibly the poorer solubility of ethylene in toluene as this higher temperature. 7a,b, 18a A similar finding was observed when the temperature of the run for Co3/MAO was raised from 30 to 40 o C (entries 1 and 5, Table 5 ).
With the optimal conditions established for Co3 [MMAO as co-catalyst, Al/Co ratio = 1500, temperature = 30
o C], the remaining cobalt complexes Co1, Co2 and Co4 were investigated under the same conditions. Like Co3, all the complexes were active for ethylene oligomerization with their activities falling in the range 2.22 -0.37 g mol -1 h -1 with the relative ranking being Co3 (Cl) > Co4 (F) > Co2 (Et) > Co1 (Me) (entries 2, 9-11, Table 6 ). Table 5 ). Clearly, the nature of the 4-R 2 substituent on the N-aryl group affects the catalytic performance with the more electron withdrawing groups favoring higher activity. 4f, 24 With regard to the oligomer distribution, Co3 and Co4 show a high selectivity for α-olefins in the range C4-C30 (entries 2 and 11, Table 6 ), while for Co1 and Co2 the range is narrower falling between C4 and C8 (entries 9 and 10, Table 6 ). In general, 1-butenes constitute the predominant fraction of all the distributions; this observation is illustrated in Figure 6 for Co3/MMAO conducted with different Al/Co molar ratios. A similar preference for 1-butenes has been noted for some bis(imino)pyridinecobalt catalysts.
6f,7a-d
Using Fe1 -Fe4. Based on previous findings for iron catalysts, high activities tend to be obtained using the methylaluminoxane-type cocatalysts and in particular MMAO. 11a, 12a, 13a, 14b Hence, MMAO was selected as co-catalyst and Fe4 chosen as the test pre-catalyst using toluene as the solvent and the ethylene pressure fixed at 10 atmospheres; optimization studies exploring variations in Al/Fe molar ratio and reaction temperature are discussed below while the results of the polymerization runs are collected in Table 7 .
On changing the Al/Fe molar ratio from 1000 to 3000 for Fe4/MMAO (entries 1-5, Table 7 ) with the temperature maintained at 30 o C, the maximum activity for the polymerizations was 8.8 × 10 4 g(PE) mol -1
(Fe) h -1 obtained with an Al/Fe ratio of 2500 (entry 4, Table 7 ). Unlike with Co3, inspection of the gas chromatograph of the reaction solution revealed no evidence for oligomeric material being generated. Increasing the Al/Fe molar ratio from 2500 to 3000, the activity was found to sharply decrease. It is worth mentioning that the highest activity recorded in this study is comparatively low when put alongside the data reported for structurally related iron pre-catalysts bearing 2-acetyl-6-iminopyridines (C) and α,α'-bis(arylimino)-2,3:5,6-bis(pentamethylene)-pyridines (B). 16a,13a This may be steric in origin as these previous studies employed less hindered N-aryl groups when compared with the bulky N-2,6-dibenzhydryl-4-R 2 -phenyl group used herein.
7b With regard to the molecular weight of the polymers, the overall trend is to lower as the Al/Fe ratio is increased, although the run using 2500 molar equivalents of MMAO shows some apparent anomalous behavior (entry 4, Table 7 ). The resultant polyethylenes are all of low molecular weight with the highest of the series being 13.0 Kg mol -1 which was generated with an Al/Fe ratio of 1000; the GPC curves shown in Figure 6 illustrate these molecular weight variations. With the Al/Fe molar ratio fixed at 2500, the temperature of the polymerization using Fe4/MMAO was raised from 30 to 40 o C. However, a dramatic drop in catalyst performance resulted with only trace amounts of polymer detectable at this higher temperature (entry 6, Table 7 ). This fall-off in activity can be attributed to the lower thermal stability of the active species, as well as lower solubility of ethylene monomer in toluene at elevated temperature. Table 6) With the optimal conditions established for Fe4/MMAO [Al/Fe molar ratio = 2500, reaction temperature = 30 o C), Fe1, Fe2 and Fe3 were all evaluated using these conditions (entries 7-9, Table 7 ). While Fe1 and Fe2 gave only trace quantities of polymer, Fe3 proved to be the most active of the four iron pre-catalysts displaying an activity of 10.9 × 10 4 g(PE) mol Table 7 ).
To explore the microstructural properties of the polyethylene, a sample of the polymer obtained with Fe3/MMAO at 30 o C (entry 9, Table 7 ) was characterized using high temperature 13 C NMR spectroscopy (recorded at 135 o C in deuterated 1,1,2,2-tetrachloroethane-d2). A peak of high intensity around δ 30.2 in the 13 C NMR spectrum confirms the high linearity of the polyethylene obtained (Figure 7) , 13a,b, 16a which is further evidenced by its high melting temperature (Tm = 125.1 o C, entry 9, Table 7 ).
13a
Fig. 7
13 C NMR spectrum of the polyethylene obtained using Fe3/MMAO at 30 o C (entry 9, Table 7 ); expansion shows the aliphatic region In addition, peaks at δ 39.72, 28.52, 27.87 and 23.09 can be ascribed to an iso-butyl end-group (peaks 1 -4 in Figure 7) , while the signals at δ 32.44, 23.13 and 14.46 to an n-propyl endgroup (peaks I -III in Figure 7) . 25 Interestingly, no evidence of unsaturated chain ends could be detected hence precluding chain termination via β-H elimination. Given the presence of an iso-butyl end-group, it would seem probable that these catalyst systems undergo termination by chain transfer to aluminum and in particular to Al(i-Bu)3 and its derivatives (e.g., i-Bu2AlMe) present in MMAO. Indeed, a mechanism of this type has recently been proposed by Bryliakov et al. to account for a similar iso-butyl/n-propyl chain-end combination which occurs at high concentrations of MMAO using bis(imino)pyridine-iron catalysts. 25 Related linear polyethylenes are expected for the other samples prepared in this study and indeed the melting temperatures of between 127.1 -128.9 o C support this (entries 1-5, Table 7 ). (Co) h -1 ] generating α-olefins (C4-C30) with good selectivity. Conversely, Fe1 -Fe4 displayed moderate activities for ethylene polymerization forming low molecular weight highly linear polymer containing saturated n-propyl and ibutyl chain ends. The electronic properties of the 4-R 2 -substituent have a notable effect on catalytic performance with higher activities observable for both the iron and cobalt precatalysts containing electron withdrawing substituents (R 2 = Cl, F); these types of R 2 substituent also have the effect of broadening the oligomer distribution for cobalt.
Conclusions

